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PLa b s t r a c t
ZnS:Co (0, 1, 2, 3 and 5 at.%) nanoparticles were synthesized by reﬂuxing technique at 80 C, with PVP as
stabilizer. The effect of cobalt doping on the structural, optical and magnetic properties is investigated.
EDAX spectra conﬁrmed the presence of Zn, Co and S in the samples. X-ray diffraction patterns showed
a single phase that of zincblende and Transmission Electron Microscopy (TEM) indicated that the parti-
cles were a few nm (<10 nm) in size. Diffuse Reﬂectance Spectroscopy (DRS) showed a slight increase in
the band gap on doping which further attested the incorporation of Co2+ into ZnS nanoparticles as a sub-
stituent. Photoluminescence (PL) spectra showed enhanced luminescence intensity with increasing Co
concentration. Room temperature magnetization studies revealed that all the Co doped ZnS nanoparticles
exhibited ferromagnetic signal which became stronger with increasing Co content. Thus the present stud-
ies show that Co doped ZnS nanoparticles may ﬁnd applications in photoluminescent and spintronic
devices.
 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Nanometer scale semiconductor crystallites, also referred to as
nanoparticles or quantum dots, have been extensively studied to
explore their unique properties and potential applications. One
key feature that made these materials unique is the possibility of
tailoring their electronic properties by doping and through quan-
tum conﬁnement of carriers [1]. In particular diluted magnetic
semiconductors (DMSs) have attracted much attention because of
their novel applications, due to both charge and spin degrees of
freedom of carriers, in spintronic devices such as spin light emit-
ting diodes, spin ﬁeld effect transistor, and magneto-optical
switches [2–4]. In order to make these applications practically via-
ble room temperature ferromagnetic DMS materials are required.
Recently, II–VI based DMS nanoparticles have been the focus of
numerous research investigations due to their promising applica-
tions in laser devices, nonlinear optical devices, electrolumines-
cent, photoluminescent and quantum devices [5,6]. Among all
the II–VI semiconductors, ZnS is a nontoxic semiconductor with awide band gap of 3.68 eV (bulk) [7–9] forms a good host for most
of the transition and rare earth metal ion dopants and gives rise to
remarkable optical and magnetic properties [10–13]. Doped ZnS
nanocrystals have attracted more attention, ever since Bhargava
et al. [14] reported for the ﬁrst time that Mn2+ doped ZnS nano-
semiconductor could yield both high luminescence efﬁciency and
life time shortening at the same time. The results suggested that
the doped semiconductor nanocrystals form a new class of lumi-
nescent materials, with a wide range of applications in displays,
lighting and sensors [15]. Different workers have reported the opti-
cal and magnetic properties of various transition metal doped ZnS
nanocrystals [11–18]. Divalent cobalt ion Co2+, with an ionic radius
of 0.058 nm [19], which is close to that of divalent Zn2+ ion
(0.06 nm), can be incorporated in ZnS nanoparticles up to 15–
20 at.% [17] by substituting at Zn site without destroying the struc-
ture. Also it is a good magnetic ion with a high magnetic moment.
Hence, this makes Co doped nanocrystalline ZnS an ideal platform
for investigating the optical and magnetic properties. Earlier inves-
tigators have reported luminescent and magnetic properties of Co
doped ZnO nanoparticles with different results like luminescence
enhancement or quenching and presence or absence of ferromag-
netism [20,21]. However, reports [17,18,22–25] on Co doped ZnS
nanoparticles are still limited and in fact to the best of our knowl-
edge, there is only one report [17] on the magnetic properties of
cobalt doped ZnS nanoparticles. In view of these factors and also
since room temperature ferromagnetism is reported in Co doped
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thesize and characterize Co doped ZnS nanoparticles in the present
study. II–VI semiconductor nanoparticles are highly unstable, and
in the absence of trapping media or some other form of encapsula-
tion, they agglomerate or coalesce easily. To overcome this, bond-
ing of capping agent to nanoparticles is necessary to inhibit
formation of larger particles and to improve the surface states that
effectively inﬂuence the optoelectronic properties of the nanopar-
ticles. Manzoor et al. [26] reported that PVP capped ZnS nanopar-
ticles showed enhanced luminescence properties compared to
other capping agents. Hence, PVP has been chosen as a stabilizer
in the present investigation.Fig. 1. EDAX spectra of ZnS:Co nanoparticles.
Fig. 2. SEM images of the ZnS:Co (In this paper, the effect of Co doping on the structural, optical
and magnetic properties of PVP capped ZnS nanoparticles formed
by reﬂuxing technique is reported.
2. Experimental
ZnS:Co (0, 1, 2, 3 and 5 at.%) nanoparticles were synthesized by reﬂuxing tech-
nique at 80 C. The reactants were zinc acetate dehydrate, cobalt chloride, sodium
sulﬁde and poly vinyl pyrrolidone (PVP). Methanol and distilled water were used
as solvents. All the chemicals were of analytical grade and were used without fur-
ther puriﬁcation. In a typical procedure, 0.2 M Zinc acetate and required amount of
cobalt chloride were mixed with 50 ml of methanol and stirred for 30 min. Sepa-
rately prepared 0.2 M sodium sulﬁde solution was added drop wise to the above
mixture. Finally, an appropriate amount of PVP was added to the above solution.(a) Undoped ZnS, (b) 2 at.% Co doped ZnS.
0, 2 and 5 at.%) nanoparticles.
Fig. 3. (a) XRD spectra of ZnS:Co (0, 1, 2, 3 and 5 at.%) nanoparticles. (b) TEM and SAED (inset) image of the ZnS:Co (2 at.%) nanoparticles.
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ing ZnS:Co nanoparticles, obtained was ﬁltered and washed with ethanol and water
many times to remove the impurities and was dried in an oven at 80 C for 8 h.
Chemical analysis was carried out using a Scanning Electron Microscope (SEM)
model, CARL ZEISS EVO MA15, with an EDAX attachment. The structural studies on
ZnS:Co nanoparticles were done using Seifert 3003 TT X-ray diffractometer with Cu
Ka radiation with a wavelength of 1.540 Å and the system was operated at 30 keV
in a scan range of 20–70 Phillips TECHNAI FE 12 Transmission Electron Microscope
(TEM) was used for particle size conﬁrmation. Diffuse reﬂectance measurements
were performed using Jasco V-670 double-beam spectrometer for energy gap deter-
mination. Photoluminescence studies were carried out using JOBIN YVON Fluoro-
log-3 spectrometer with a 450 W Xenon arc lamp as an excitation source. Room
temperature magnetization was recorded using a Lakeshore Vibrating Sample Mag-
netometer, VSM 7410. An X-ray Photon Spectrometer (XPS), Model SPECS GmbH
(Phoibos 100 MCD Energy Analyser) with Al Ka radiation (1486.6 eV) with a resid-
ual pressure of the order of 2  108 Pa was used to check the presence of impurity
phases in the samples.3. Results and discussion
3.1. Chemical analysis
Fig. 1 depicts the typical EDAX spectra for undoped and cobalt
(2 at.%) doped ZnS samples. The chemical analysis shows the pres-
ence of Zn, S and Co signals only, indicating that the nanoparticles
are made up of zinc, sulfur and cobalt. Only S and Zn signals have
been detected in the undoped ZnS samples, suggesting that theFig. 4. (a) DRS spectra of ZnS:Co (0, 1, 2, 3 and 5 at.%) nanoparticles and (b) Kubnanoparticles indeed are made up of Zn and S only indicating the
high purity of the samples.
3.2. Morphological studies
SEM (Scanning Electron Microscope) is a powerful tool to study
the surface morphology. Fig. 2 shows typical SEM micrographs of
the ZnS:Co (0, 2 and 5 at.%) nanoparticles. These images show that
the size of agglomerations slightly decreases with increasing dop-
ant concentration.
3.3. Structural studies
The phase and crystallite size of the nanoparticles were ob-
tained from the XRD patterns. Fig. 3a shows the XRD patterns of
the ZnS:Co (0, 1, 2, 3 and 5 at.%) nanoparticles. All these have three
main diffraction peaks corresponding to (111), (220) and (311)
planes which match well with the standard cubic ZnS (JCPDS No.
05-0566). The broad XRD peaks are indicative of the nanosize of
the particles. Further, the peak positions shift towards higher 2h
values with increasing Co concentration. This clearly implies lattice
compression consistent with the smaller ionic radius of Co2+
(0.058 nm) compared to that of Zn+2 (0.06 nm), conﬁrming the
incorporation of the dopant as substituent in the synthesized ZnSelk–Munk plots and band gap energy estimation for ZnS:Co nanoparticles.
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using the Scherrer formula,
D ¼ 0:89 k=b cos h;
where D is the average size of the particles, b is the full width at half
maximum intensity (FWHM) of the diffraction peak, k is the wave
length of X-rays used and h is the angle of diffraction. The average
size of the particles was found to be in the range of 5–8 nm and
is found to decrease with increasing Co concentration. Fig. 3b shows
typical TEM and SAED (inset) images of ZnS:Co (2 at.%)
nanoparticles.
3.4. DRS analysis
The optical properties of the samples were studied by DRS in
the UV–Vis region. Fig. 4a shows the DRS spectra recorded at room
temperature in the wavelength range of 250–550 nm. From these
spectra, it may be observed that the absorption edge of the samples
slightly shifted to lower wavelength with increasing Co2+ concen-
tration. The band gaps of the samples were estimated from diffuse
reﬂectance spectra by plotting the square of the Kubelka–Munk
[27] function F (R) versus energy and extrapolating the linear part
of the curve F (R)2 = 0 as shown in Fig. 4b. It is observed that the
band gap showed a slight increase with increasing Co2+ content.
The estimated band gap values of the present samples are in the
range of 3.93–4.01 eV which are higher than the bulk band gap va-
lue (3.67 eV) of ZnS conﬁrming the nanosize of the particles. Re-
cently Liu et al. [22] reported an increase in band gap with
increasing Co content in Co doped ZnS nanoparticles formed by
hydrothermal synthesis. Sambasivam et al. [17] also reported sim-
ilar increase in band gap with increasing Co concentration in Zn1-
xCoxS for x = 0.1, 0.2 and 0.3 nanoparticles formed by chemical co
precipitation method. Sarkar et al. [23] reported a decrease in band
gap in Co doped ZnS nanoparticles compared to undoped ZnS
nanoparticles formed by chemical co-precipitation method.
3.5. Photoluminescence studies
The intrinsic and extrinsic defects in semiconductors may be
explored by the nondestructive photoluminescence (PL) measure-
ments. This provides information regarding the impurity and de-
fect energy states even when they are present in very low
concentrations and therefore is useful to understand defect struc-
tures in semiconductors. Fig. 5 shows the room temperature PLFig. 5. PL spectra of ZnS:Co (0, 1, 2, 3 and 5 at.%) nanoparticles.spectra of undoped ZnS and ZnS:Co nanoparticles recorded with
an excitation wavelength of 344 nm. The emission spectrum of un-
doped ZnS nanoparticles shows blue emission centered around
442 nm. This originates from the surface defect states such as sul-
fur vacancies located at the surface of ZnS nanoparticles [28]. Such
blue emission was reported by several earlier workers [29–33] also
and was attributed to surface defect states of the ZnS nanoparti-
cles. Obviously this emission does not correspond to band edge
luminescence of ZnS, because the band gap lies in the range of
3.93–4.01 eV as may be seen from Fig. 4b which correspond to a
wave length range of 315–309 nm. A Gaussian ﬁt of the present
experimental PL data peaking around 442 nm gave rise to three
deconvoluted emission peaks (Fig. 6) peaking around 402 nm,
438 nm and 470 nm. None of these values corresponds to band
edge emission. Thus band edge emission is not observed in the
present samples. This could be due to the presence of shallow
and deep traps below the conduction band due to the surface de-
fects of the nanoparticles.
In Co doped samples of the present study the blue emission
wavelength does not change with dopant concentration as may
be seen from Fig. 5. This indicates that the energy level of defect
states/sulfur vacancies relative to the valance band nearly keeps
constant. It is also obvious from Fig. 5 that luminescence intensity
is appreciably enhanced on doping with Co and also the intensity
increases with increasing Co content in the doped samples. This
may be correlated with XRD data. It may be observed from Fig. 3
that the full width at half maximum intensity of the XRD peaks in-
creases with increasing dopant concentration indicating that there
is a decrease in particle size with increasing cobalt content. A de-
crease in particle size results in enhanced surface defects leading
to an increase in the PL intensity as cobalt content is increased.
This indicates that Co2+ seems to act as a sensitizing agent
[18,23] and thus enhances the radiative recombination processes.
Hence, the ﬂuorescence efﬁciencies of doped samples are higher
than those of the undoped samples. Yang et al. [18] reported a ﬁve-
fold enhancement in the luminescence intensity of Co2+ (0.5 at.%)
doped ZnS nanoparticles compared to undoped ZnS nanocrystals.
Sarkar et al. [23] also observed blue emission with enhanced lumi-
nescence intensity in ZnS nanoparticles after doping with Co. Re-
cently Ramasamy et al. [24] studied the photoluminescence
properties of Co doped ZnS nanoparticles and concluded that Co
concentration of 2 at.% is the optimum doping level to achieve en-
hanced PL emission. Yang et al. [25] also reported enhanced lumi-
nescence intensity in (Co2+, Cu2+) co-doped ZnS nanoparticles
compared to undoped ZnS nanoparticles. Recently Sharma et al.
[21] observed enhanced ﬂuorescence intensity in Co doped ZnO
nanoparticles up to 20 at.% of cobalt doping level due to the incre-
ment of oxygen vacancies with Co concentration.
3.6. Magnetic studies
The room temperature (300 K) M–H curves for the undoped and
doped samples of ZnS nanoparticles are shown in Fig. 7. These M–H
curves depict that the undoped samples are diamagnetic whereas
all the doped samples are ferromagnetic in nature. The ferromag-
netism is found to increase with increasing Co content. Maximum
saturation magnetization (Ms), 0.5 emu/g, was observed for the
5 at.% Co doped ZnS nanoparticles. The weak ferromagnetism of
1 at.% Co doped ZnS samples may be due to the diamagnetic effect
of ZnS lattice. The increasing spontaneous magnetic moment ob-
served with increasing Co content indicates that only a fraction
of Co ions is magnetically ordered with respect to the applied ﬁeld.
The origin of ferromagnetism in DMS is highly controversial and
has been a subject of debate. The observed ferromagnetism of
the present samples may be attributed, ﬁrstly to the entering of
Co in the ZnS lattice as a substituent leading to the carrier induced
Fig. 6. Gaussian ﬁt (red) of PL data (black) of ZnS:Co (0, 1, 2, 3 and 5 at.%) nanoparticles, blue curves indicate the deconvoluted peaks. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)
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inclusion of secondary phases like cobalt oxides and cobalt sulﬁdes
and Co clusters which were not detected in the XRD patterns. To
resolve this problem XPS (Fig. 8) studies were undertaken and
the spectra did not show the presence of either cobalt or cobalt re-
lated compounds, although XRD patterns have shown that ZnCoS is
formed. It is possible that both XRD and XPS could not detect thecobalt related impurity phases even if they are present. Borse
et al. [35] also reported that Ni (5 at.%) and Fe (5 at.%) could not
be detected by XPS in their samples. Under these circumstances
it is not possible to conclude anything about the origin of ferro-
magnetism in the present samples. However, the chances of forma-
tion of oxides and sulﬁdes of Co are remote since their formation
requires elevated temperatures and the present samples are
Fig. 7. M–H curves of ZnS:Co (0, 1, 2, 3 and 5 at.%) nanoparticles at room temperature (300 K).
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behavior of the present samples may be attributed to the substitu-
tion of Co2+ in place of Zn2+ in ZnS lattice without changing the
structure which implies that this may be carrier induced ferromag-
netism. Sambasivam et al. [17] also reported such carrier induced
ferromagnetism in Co doped ZnS nanoparticles; Zn1xCoxS , for
x = 0.1, 0.2 and 0.3, but they reported a decrease in the magnetiza-tion with increasing Co content which was attributed to antiferro-
magnetic ordering with increasing Co concentration. Perhaps this
was because the Co concentrations (10, 20 and 30 at.%) in their
samples were much higher, outside the range of the present study,
which may lead to strong antiferromagnetic ordering and hence it
is not proper to compare with the present trend. Recently Patel
et al. [36] also have reported low temperature ferromagnetism in
Fig. 8. XPS survey scan of ZnS:Co (5 at.%) nanoparticles.
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doped ZnS thin ﬁlms and suggested that the grain boundaries may
play a role in bringing about the ferromagnetic order.
4. Conclusions
The structural, optical and magnetic properties are found to be
sensitively dependent on the incorporation of Co2+ ions at the Zn2+
lattice site. The small shift in the XRD peak conﬁrms the entry of Co
ions as substituents in the lattice of ZnS nanoparticles. The doping
of Co2+ ion can tune the band gap and enhance the ﬂuorescence
efﬁciency of the ZnS nanoparticles. The doping of Co2+ ion in ZnS
nanoparticles showed marked enhancement room temperature
ferromagnetism which increased with increasing Co content in
the concentration range 1–5 at.%. Homogeneous distribution of
substitutional dopant ions in the host lattice is believed to be
responsible for the magnetization enhancement. Thus the present
study shows that PL intensity and RTFM may be tuned as a func-
tion of dopant concentration in ZnS:Co nanoparticles indicating
their possible applications in photoluminescent and spintronic
devices.
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